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ABSTRACT: Wnt5a guides cortical axons in vivo by

repulsion and in vitro evokes cortical axon outgrowth and

repulsion by calcium signaling pathways. Here we exam-

ined the role of microtubule (MT) reorganization and

dynamics in mediating effects of Wnt5a. Inhibiting MT

dynamics with nocodazole and taxol abolished Wnt5a

evoked axon outgrowth and repulsion of cultured hamster

cortical neurons. EGFP-EB3 labeled dynamic MTs visual-

ized in live cell imaging revealed that growth cone MTs

align with the nascent axon. Wnt5a increased axon out-

growth by reorganization of dynamic MTs from a splayed

to a bundled array oriented in the direction of axon exten-

sion, and Wnt5a gradients induced asymmetric redistribu-

tion of dynamic MTs toward the far side of the growth

cone. Wnt5a gradients also evoked calcium transients that

were highest on the far side of the growth cone. Calcium

signaling and the reorganization of dynamic MTs could be

linked by tau, a MT associated protein that stabilizes

MTs. Tau is phosphorylated at the Ser 262 MT binding

site by CaMKII, and is required for Wnt5a induced axon

outgrowth and repulsive turning. Phosphorylation of tau

at Ser262 is known to detach tau from MTs to increase

their dynamics. Using transfection with tau constructs

mutated at Ser262, we found that this site is required for

the growth and guidance effects of Wnt5a by mediating

reorganization of dynamic MTs in cortical growth cones.

Moreover, CaMKII inhibition also prevents MT reorgan-

ization required for Wnt5a induced axon outgrowth, thus

linking Wnt=calcium signaling to tau mediated MT

reorganization during growth cone behaviors. VC 2013 The
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INTRODUCTION

Wnts are morphogens that can function as axon guid-

ance cues (Salinas and Zou, 2008; Clark et al., 2012;

Salinas, 2012). Wnt5a, in vivo, acts as a repulsive

guidance cue for cortical axons (Liu et al., 2005).

In vitro (Li et al., 2009), and in living cortical slices

(Hutchins and Kalil, 2011). Wnt5a increases rates of

cortical axon outgrowth and induces repulsive axon

guidance. Growth cone behaviors are regulated by
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reorganization and dynamics of the actin and micro-

tubule (MT) cytoskeleton (Dent and Gertler, 2003;

Lowery and VanVactor, 2009; Dent et al., 2011; Vit-

riol and Zheng, 2012), which can be modulated by

extracellular guidance cues (Song and Poo, 1999;

Luo, 2002; Huber et al., 2003; Govek et al., 2005;

Kalil and Dent, 2005). Stable MTs occupy the growth

cone center, while dynamic MTs that grow and

shrink during “dynamic instability” actively explore

the periphery (Dent et al., 1999; Dent and Kalil,

2001; Schaefer et al., 2002, 2008; Lowery and Van

Vactor, 2009). Inhibiting MT dynamics can abolish

growth cone turning and localized MT stabilization

and de-stabilization can induce attractive and repul-

sive turning (Buck and Zheng, 2002), suggesting an

instructive role for MTs. Wnt signaling can also pro-

mote MT stability through a transcription-

independent branch of the canonical b-catenin path-

way (Krylova et al., 2000), in which inhibition of

GSK-3b decreases MAP-1B phosphorylation (Ciani

et al., 2004). During remodeling of DRG (Krylova

et al., 2002) and cerebellar mossy fiber terminals (Lucas

and Salinas, 1997; Hall et al., 2000) Wnt3a and Wnt7a,

respectively, decrease axon length and increase growth

cone size by reorganizing the MT cytoskeleton into sta-

ble loops (Ciani and Salinas, 2005) through loss of MT

directionality (Purro et al., 2008; Budnik and Salinas,

2011). In contrast, Wnt5a increases cortical axon out-

growth and induces growth cone repulsion (Li et al.,

2009). However, the cytoskeletal mechanisms regulat-

ing these processes are unknown.

Calcium is an essential second messenger that

transduces axon guidance signals to regulate growth

cone extension and steering (Henley and Poo, 2004;

Gomez and Zheng, 2006; Wen and Zheng, 2006;

Zheng and Poo, 2007; Tojima et al., 2011). In cortical

growth cones, Wnt5a evokes repetitive Ca21 transi-

ents, which are required for Wnt5a evoked axon out-

growth and repulsion (Li et al., 2009). CaMKII,

downstream of calcium (Hudmon and Schulman,

2002) is required for Wnt5a induced cortical axon

outgrowth and guidance (Li et al., 2009; Hutchins

and Kalil, 2011). CaMKII phosphorylates the MT

associated protein (MAP) tau (Litersky et al., 1996)

thereby detaching it from MTs to increase MT

dynamics (Biernat et al., 1993). Thus, Wnts can regu-

late MT organization and dynamics through calcium

signaling pathways. In this study, we used high-

resolution live cell imaging to investigate how Wnt5a

signaling can promote axon growth and guidance by

regulating MTs. We found that in response to Wnt5a

dynamic MTs in the growth cone reorganized from a

splayed, to a bundled array of MTs that reoriented

toward the leading edge in the direction of axon

extension. In Wnt5a gradients dynamic MTs redis-

tributed to the far side of the growth cone, which

coincided with an asymmetry in calcium transients.

We hypothesized that tau might link Wnt=calcium

signaling to MT reorganization, and found that tau,

when phosphorylated within its MT binding site at

Ser262, is required for the growth and repulsive guid-

ance effects of Wnt5a by mediating the reorganiza-

tion of dynamic MTs in the growth cone.

METHODS

Experimental Reagents

The following chemical inhibitors and recombinant protein

were used: recombinant human=mouse Wnt5a (R&D

systems), Nocodazole (Sigma), Taxol (Sigma). Plasmid

constructs used to transfect neuronal cultures included

EB3-EGFP (a gift from Dr. Niels Galjart, Erasmus Univer-

sity, The Netherlands), DsRed2 (Clontech), Fluo4-momo

(Sigma), tau S262A (a gift from Dr. Koichi Iijima and

Kanae Iijima-Ando, Thomas Jefferson University), and

CaMKIIN-EGFP (a gift from Dr. Thomas Soderling). EB3-

tdTomato was created by replacing the EGFP in EB3-

EGFP with tdTomato cut from the tdTomato-N1 vector

(Clontech) and used in experiments with cotransfected with

CaMKIIN-EGFP. Antibodies used for immunocytochemis-

try included: rat anti-tyrosinated tubulin (Millipore), mouse

anti-total tau (tau 46; Cell Signaling Technology), rabbit

anti-phospho tau Ser262 (Millipore), Cy2-conjugated

donkey anti-rabbit IgG (Jackson ImmunoResearch),

Cy2-conjugated donkey anti-rat IgG (Jackson Immuno

Research), and Cy5-conjugated donkey anti-mouse IgG

(Jackson ImmunoResearch).

Dissociated Cell Culture and
Transfection

Dissociated cultures were prepared as previously described

(Li et al., 2009). Briefly, cultures were prepared from sen-

sorimotor cortex obtained from postnatal day 0 (P0)-P2

golden Syrian hamsters (Mesocricetus auratus) of either

sex as described previously (Dent and Kalil, 2003). Electro-

poration was carried out with a Nucleofector (Amaxa) and

Mouse Neurons Kit (Amaxa) according to the recom-

mended protocol. Cotransfection efficiency was tested by

transfecting GFP and RFP at the same time. Over 60% of

neurons cultured for 2 days expressed GFP while cotrans-

fection efficiency was about 90%. Dissociated primary neu-

rons were plated onto coverslips coated with 0.5 mg=mL

poly-D-Lysine (Sigma) and 20 lg=mL laminin (Sigma) at a

density of 2–5 K=cm2 and were incubated in 5% CO2 and

9% O2 at 37�C. In some experiments, etched coverslips

(Bellco) were used to provide landmarks for locating neu-

rons. Neurons in our cultures have already developed
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dendrites and a long axon with a growth cone at 15 h after

plating (Szebenyi et al., 1998). Thus, we applied various

regents to the medium 1–2 days after plating for the long-

term outgrowth assay (4–5 days) and cultures were incu-

bated for an additional 72 h. For short-term outgrowth

assays, neurons were dissociated, transfected with plasmid

constructs and maintained in culture for 2 days before acute

treatments over the course of 1 h.

Measurements of Axon Outgrowth

Measurements of axon outgrowth in the long-term (4–5

days) and short-term (1 h) outgrowth assays were carried

out on phase and fluorescence images of neurons, which

were acquired with a 203 0.5 numerical aperture (NA)

Plan Fluor objective mounted on a Nikon TE300 Quantum

inverted microscope equipped with a Photometrics Cascade

II: 512. Only stage 2–3 neurons with pyramidal morpholo-

gies and with a clearly identifiable axonal process, more

than 100 lm were chosen for analysis. Such neurons are

likely to be cortical projection neurons. Axon lengths were

measured with the morphometric analysis tools of Meta-

morph (Molecular Devices) from the cell body to the distal

extent of the central region of the growth cone. An axon

was defined as a process that remains parallel to the initial

axon segment extending from the cell body. Data were

saved in Excel 2007(Microsoft) and GraphPad Prism

(GraphPad) was used to perform statistical analysis and cre-

ate graphs. Measurements are given in mean 6 SEM unless

otherwise noted.

Turning Assays

Glass pipette turning assays, similar to turning assays

performed on Xenopus spinal axons (Lohof et al.,

1992; Zheng et al., 1994), were carried out on neurons

(P2, 2–3 days in vitro) with a straight 20 lm segment

at the end of the axon. Serum-free medium was

replaced by Leibovitz-15 (L15) medium (Gibco) imme-

diately before experiments and pharmacological reagents

were added to the medium 30 min before the turning

assays. A pipette with a 1 lm tip diameter was filled

with Wnt5a (10 lg=mL). The pipette was positioned

100 lm away from the axonal growth cone at a 45�

angle from the original direction of axon outgrowth,

which was defined by the direction of the 20 lm axon

segment; 2 Hz pulses (3psi, 20ms) were generated with

a pulse generator (Grass Product Group, SD9) and a

Picospritzer II (General Valve). Gradients were con-

firmed by using fluorescent dextran in place of active

protein (data not shown). Phase images of live cells

were acquired at 1 min intervals to record growth cone

behaviors. Outgrowth rates were quantified by tracing

trajectories of the part of the axon that grew out during

the 1 h time period. Turning angles were defined as

the angles between the original direction of axon out-

growth and a line connecting the original position of

the growth cone and its final position. To display axon

trajectories, traces of individual axons were made from

the final image of each axon at the end of the 1 h

turning assay.

Dunn chamber axon guidance assays (Yam et al.,

2009) were performed by growing P0 hamster cortical

neurons on appropriately coated (see above) 22 mm2

square #1.5 coverslips (Corning) at a low density (10 k)

cells=well in a 6 well plate (Falcon). Assembly of the

Dunn chamber (Hawksley, UK) was similar to that in a

previous study (Yam et al., 2009). Briefly, Dunn cham-

bers were rinsed once and then filled with serum-free

medium. To secure coverslips with neurons on the cham-

ber, sealant (Dow Corning) was applied �5 mm from the

border of the outer well but omitted at one side to form a

slit for draining and refilling the outer well. A coverslip

with neurons was inverted over the Dunn chamber leav-

ing a narrow slit at the edge without the sealant. Media

at the outer well was drained by using a vacuum and

then medium with 400 ng=mL Wnt5a was added to the

outer well. The narrow slit was sealed by fixing a small

piece of parafilm to the chamber with sealant. Images

were acquired immediately after Dunn chamber assembly

and 2 h later with a 20 3 0.5 NA Plan Fluor objective

mounted on a Nikon TE300 Quantum inverted micro-

scope equipped with a Photometrics Cascade II: 512. Due

to the requirement of #1.5 coverslips to prevent distortion

of the gradient in the Dunn chamber, high-resolution

phase images could not be obtained using our objective;

however, axonal processes and growth cones could easily

be defined in all cases. All dissociated neurons in the

bridge region of the Dunn chamber were imaged in each

experiment. Dunn chambers were kept at 37�C during

imaging. For data analysis, we only included individual

axons with >10 lm straight distal end and with net out-

growth > 5 lm=h. The outgrowth of axons was measured

by tracing axons from the original position of growth

cones to their final position. The original direction of

axon outgrowth was defined by the direction of the 10

lm distal axon segment. The initial angle (0–180�) was

defined by the angle between the original direction of

axon outgrowth and the direction of the Wnt5a gradient.

Final angles were calculated as the angles between the

original direction of axon outgrowth and a line connect-

ing the original position of the growth cone and its final

position. When axons turned towards the gradient, the

turning angle was assigned a positive value and when

axons turned away from the gradient, the turning angle

was assigned a negative value. Images presented in fig-

ures were rotated to so that the gradient increases along

the y-axis to more easily compare responses of axons.

Immunocytochemistry

At 120 min after exposure to BSA or Wnt5a gradients, or at

60 min after addition of BSA or Wnt5a into the medium,

cortical neurons at 2-3DIV were fixed and immunostained

as described previously (Dent and Kalil, 2001). Briefly,

neurons were fixed with 4% paraformaldehyde (Electron

Microscopy Sciences) in Kreb’s buffer (pH 5 7.4), blocked
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by using 10% BSA (Sigma), incubated with diluted primary

antibodies (1:100 anti-tyrosinated tubulin, 1:500 anti-

Phospho-tau at Ser262 or 1:500 anti-total tau) at 4�C over-

night and then incubated with diluted secondary antibodies

(1:200 Cy2-conjugated donkey anti-rat IgG, 1:200 Cy2-

conjugated donkey anti-rabbit IgG or 1:200 Cy5-

conjugated donkey anti-mouse IgG) at room temperature

for 1 h. Fluorescence images were acquired with a 603

1.40 NA Plan Apo objective mounted on the Nikon micro-

scope (tau phosphorylation) or an Olympus (Center Valley)

Fluoview 500 laser-confocal system mounted on an AX-70

upright microscope with a 403 plan fluor water immersion

objective (tyrosinated tubuin) on the same day and under

the same conditions, including exposure time and illumina-

tion. To visualize the distribution of dynamic MTs, a

threshold of 50% was applied to the tyrosinated-tubulin

image, highlighting the top 50% of intensities in green. To

quantify distribution of dynamic MTs in growth cones,

each growth cone was bisected with a line parallel with the

axon shaft, and the ratio of MT fluorescence at the far ver-

sus near side was calculated. A ratio above 1 indicates

more MTs on the far side than on the near side and a ratio

of 1 means no asymmetry. Average fluorescence intensity

at Pi-tau and total tau channels in growth cones were meas-

ured to calculate ratios of Pi-tau versus total tau. Distribu-

tion of Pi-tau and total tau along axons was measured by

drawing a one-pixel wide line from axon shafts to growth

cones. The length of the line along axon shafts was equal to

that along growth cones.

Measurements of Calcium Activity

Calcium measurements and analysis were adapted from

Hutchins and Kalil (2008) and Li et al. (2009). For experi-

ments to image calcium transients, cortical neurons grown

on poly-D-lysine were loaded with a membrane bound cal-

cium indicator, Fluo 4 MOMO (Sigma, 4 lM) for 20 min.

Axons tipped with large growth cones were selected for

imaging, since asymmetries in calcium activity are more

easily distinguished in large growth cones. Baseline cal-

cium activity was measured for 5 min prior to application

of Wnt5a. Images were acquired every 5 s on a Nikon

TE300 microscope with 60 3 1.4 NA Plan Fluor objective

with a Photometrics Cascade II:512 cooled CCD camera. A

pipette containing 10 lg=mL Wnt5a was then positioned

50 lm away from the growth cone at 45� and Wnt5a was

ejected from the pipette at 3 PSI twice a second during cal-

cium imaging periods lasting up to 20 min. Neurons

expressing spontaneous calcium transients during the con-

trol period were excluded from analysis. Otherwise, the

fluorescence signal from Fluo 4 MOMO (F) during applica-

tion of Wnt5a was normalized to the averaged fluorescence

signal from the control period (F0). These normalized

images (F=F0) were median pass filtered to eliminate single

pixel noise. Any calcium signal larger than 3.6 lm2 and

exceeding 135% of baseline was counted as a calcium tran-

sient. To quantify the localization of these calcium transi-

ents, we measured the center of intensity of calcium

transients in MetaMorph and measured the displacement of

the center of intensity from the midline of the growth cone

(negative displacements were on the side of the growth

cone facing away from the pipette).

Live-Cell Imaging with TIRF (Total
Internal Reflection Fluorescence
Microscopy) and Quantitative
Analysis of EB3 Comets

A TIRF microscope consisting of a Nikon TE2000E base

with TIRF laser illuminator (Nikon), a Nikon 1003=1.49

NA Plan Apo TIRF objective, a Nikon perfect focus sys-

tem for continuous automatic focusing of the sample dur-

ing time-lapse imaging, a motorized x–y stage (Prior

Scientific), and a Coolsnap HQ cooled interline CCD cam-

era (Photometrics) was used to image neurons during

application of Wnt5a for periods of up to 1 h. For TIRF

illumination two lasers were used: a 40 mW Argon laser

for EGFP excitation and a 10 mW solid state 561 nM laser

for DsRed2 and tdTomato excitation (both Melles-Griot).

During time-lapse microscopy, neurons were kept at 37�C
with in an incubation chamber (Solent) custom fitted to

the microscope and CO2 diffusion from the media was

limited by sealing cultures in a glass-ring chamber with

silicone grease. To record baseline dynamics of EB3

movement, fluorescent images of live cells were acquired

at 5 s intervals for 30 min before treatment. Wnt5a (400

lg=mL) was then applied to the chamber and resealed

before immediately resuming imaging for a further 30

min. All images were collected and compiled with Meta-

Morph imaging software (Molecular Devices). Basic

unsharp mask and low-pass filters were applied to make it

easier to identify distinct EB3 comets. ImageJ software

(NIH) using the MTrackJ plugin (Dr. Erik Meijering) was

used to manually track all EB3 comets throughout both 30

min imaging periods sampled for each growth cone.

Binary tracings of comet tracks were then compiled into

movies using MTrackJ and imported to Metamorph for

further analysis. To determine a measure of MT

“clustering,” sum total image projections of the binary

track movies were first created for the before and during

Wnt5a-treatment periods for each growth cone. Pseudocol-

ored representations were made after scaling the two

images equally. The Metamorph line-scan feature with a

pixel-width of 200 was then used to bin all the pixel inten-

sities in the image across a perpendicular line drawn

through the geometric center of the growth cone. A Gaus-

sian distribution curve of the pixel intensities was gener-

ated, of which the peak represents the center of maximum

intensity within the growth cone and area beneath the

curve the standard deviation. As such, a reduction in the

standard deviation of this Gaussian curve represents a

direct measure of an increase in the amount of MT cluster-

ing as measured by overlapping MT tracks. Increases in

overlap of the MT tracks result in steeper Gaussian

curves.
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RESULTS

Dynamic MTs Are Required for Wnt5a
Evoked Axon Outgrowth and Repulsion

Previously, we found that bath applied Wnt5a

increases cortical axon outgrowth and that Wnt5a

gradients evoke repulsive growth cone turning away

from the Wnt5a source simultaneous with increased

outgrowth rates (Li et al., 2009). To investigate the

role of MT dynamics and reorganization in these

axon behaviors we first investigated whether dynamic

MTs are required for the growth promoting and guid-

ance effects of Wnt5a (Fig. 1). We used neurons

from P2 hamster sensorimotor cortex, when cortical

axons are entering the spinal cord (Reh and Kalil,

1981), and corpus callosum (Norris and Kalil, 1992)

where, as shown in mouse (Liu et al., 2005; Keeble

et al., 2006), they would encounter Wnt5a gradients.

In long-term 4-day experiments, Wnt5a was bath

applied to dissociated cortical cultures in the pres-

ence of 33 nM nocodazole, which inhibits MT

dynamics at nanomolar concentrations (Vasquez

et al., 1997; Mikhailov and Gundersen, 1998; Dent

and Kalil, 2001). To minimize effects on neuronal

polarity, Wnt5a or nocodazole was added to the cul-

tures 24 h after plating when axons and dendrites are

established. Consistent with our previous results, the

average axon length increased from 298.5 6 8.8 lm

in BSA control experiments (n 5 260 axons from

three separate experiments) to 467.4 6 12.5 lm (n 5

218 axons from three separate experiments) in cul-

tures treated with 400 ng=mL Wnt5a [Fig. 1(A,B)].

Cultures treated with nocodazole failed to show

Figure 1 Dynamic MTs are required for Wnt5a induced axon outgrowth and repulsion. A: Repre-

sentative images of neurons treated with BSA (control), 400 ng=mL Wnt5a, 33 nM Nocodazole or

Wnt5a, and Nocodazole for 3 days. Treatments were bath applied to neurons 24 h after plating.

Scale bar: 50 lm. B: Bar graphs demonstrating the average axon length in different conditions.

Wnt5a-promoted axon outgrowth is blocked by inhibiting MT dynamics (33 nM Nocodazole or

10 nM Taxol). The numbers of cells examined for each condition were over 90. ***p < 0.001

(One-way ANOVA followed by Dunnett’s post test). C: Images of a cortical axon and its growth

cone at the beginning and end of a 1 h exposure to a Wnt5a gradient in the presence of 5–10 nM
Nocodazole. The Wnt5a gradient failed to repel the axon in the presence of 5–10 nM Nocodazole.

Scale bar: 20 lm. D, E: Inhibiting MT dynamics (Nocodazole) prevented Wnt5a induced axon out-

growth (D) and repulsive turning (E). Number of axons 5 25, 19 in Wnt5a or Wnt5a1Nocodazole

treated groups. **p < 0.01; *p < 0.05 (Mann-Whitney test).
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Wnt5a induced increases in axon outgrowth (n 5 131

axons from three separate experiments) which aver-

aged 281.5 6 9.3 lm. However, nocodazole had no

effect on cortical axon outgrowth per se, which aver-

aged 270.6 6 8.6 lm (n 5 112 axons from three sep-

arate experiments, Fig. 1B). We also treated cultures

with 10 nM Taxol, which normally stabilizes MTs

but at low nanomolar concentration acts to inhibit

MT dynamics. This treatment also prevented

increased axon outgrowth by Wnt5a. Axon length

averaged 235.2 6 7.8 lm (n 5 96 in three separate

experiments). Wnt5a applied as a gradient from a

pipette increased axon outgrowth rates (averaging

20 lm=h) and induced repulsive axon turning away

from the Wnt5a source (average turning angle –23�,
n 5 25 axons) as previously described (Li et al.,

2009). In contrast, nocodazole treatment prevented

the growth (average growth rate 5 13 lm=h)

and guidance effects of Wnt5a (average turning angle

–5�, n 5 19 axons, Fig. 1(C–E). These results suggest

that MT dynamics are essential for Wnt5a mediated

axon outgrowth and guidance.

Dynamic MTs Orient Toward
Spontaneous Axon Outgrowth From The
Growth Cone

Although previous studies have shown that MTs are

required for axon outgrowth (Tanaka et al., 1995)

and turning behaviors (Tanaka and Kirschner, 1995;

Buck and Zheng, 2002) few studies of mammalian

growth cones responding to growth and guidance

cues have visualized changes in MT organization

with high resolution live cell imaging (Kalil and

Dent, 2005; Dent et al., 2011). We first examined the

reorganization of dynamic MTs in cortical growth

cones undergoing spontaneous axon outgrowth. EB3

is a 1TIP protein that binds to the growing plus ends

of MTs (Nakagawa et al., 2000). To image MT

dynamics (Stepanova et al., 2003) early postnatal

cortical neurons were transfected with an EGFP-EB3

construct along with a DsRed2 construct to label the

growth cone cytoplasm. We used TIRF (total internal

reflection fluorescence) microscopy, which permits

better resolution and less photo damage to live cells

than wide field microscopy. We imaged EGFP-EB3

comets in motile growth cones in five independent

experiments acquiring images every 3 s for periods

up to 1 h without deleterious effects on growth cone

motility or attenuation of fluorescence. This made it

possible to correlate changes in the organization of

dynamic MTs with the behavior of the growth cone.

As shown in Figure 2 and Supporting Information

Movie 1, EGFP-EB3 comets initially explored the

entire growth cone randomly in all directions. How-

ever, beginning at about 12 min MTs began to reor-

ient in the direction of incipient axon outgrowth from

the growth cone. Within one min [Fig. 2(A), frames

12:44–12:59] EGFP-EB3 comets changed their ran-

dom orientation to align with and invade the nascent

axon (arrows). We analyzed the orientation of grow-

ing MTs with respect to the direction of spontaneous

axon outgrowth by tracing individually all EB3 com-

ets in Metamorph (n 5 608 comets in this growth

cone during the 30 min imaging period). As shown in

Figure 2(B), orientation of EB3 comets in the growth

cone shown in the movie [Fig. 2(A)] was expressed

as an angle between MT orientation and orientation

of the growing axon. Over time, the average of these

angles became significantly smaller as MTs became

aligned with the direction of the developing axon.

For example in the first 5 min, the orientation of EB3

comets had an average angle with the nascent axon

of 41.5 6 3.9�. However, in the last 5 min of this

imaging sequence the average angle was 18.1 6 1.9�.
This alignment, which occurred by 13 min, was cor-

related with an axon outgrowth rate that tripled in 20

min after this time point [Fig. 2(C)]. To determine

whether more rapid movements of EB3 comets

accompanied increased axon outgrowth, we meas-

ured rates of comet movement before and after their

alignment. We found that before alignment comet

velocity was 3.8 6 0.1 lm=min (n 5 293 comets)

versus 2.9 6 0.1 lm=min (n 5 315 comets) after

alignment, suggesting that increases in axon out-

growth were correlated with changes in orientation of

EB3 comets rather than with increased velocity of

EB3 comets.

To determine whether invasion of EB3 comets was

instructive or permissive for increased axon out-

growth we compiled kymographs to compare the tim-

ing of EB3 invasion with protrusion of the growth

cone membrane to form the nascent axon. For each

frame, a maximum pixel value was obtained from a

three pixel wide line drawn parallel to the long axis

of the axonal protrusion from the growth cone [Fig.

2(D)]. These lines from each of 601 frames were

arranged horizontally to show protrusive activity of

the membrane over time. Protrusion of the DsRed2

labeled cytoplasm (white arrowheads) is shown in

red on the y-axis to indicate distance. Similar meth-

ods were used to compile kymographs of EB3 comets

in green in the same time frame. As shown in Figure

2(D), EB3 comets did not begin to align with and

invade the nascent axon until �13 min (white arrow)

shortly before persistent protrusion of the membrane

occurred (white arrowheads). This kymographic anal-

ysis shows that invasion of EB3 comets into the

802 Li et al.

Developmental Neurobiology



Figure 2 MT reorientation predicts the direction of axon outgrowth. A: Time lapse images

acquired in TIRF microscopy showing that EB3 comets (green) randomly explore all regions of the

growth cone (labeled by DsRed2 in red) at the beginning of the sequence (top). Subsequently, EB3

comets reorient to align with the axis of future axon outgrowth (middle and bottom). White arrows

point to axon protrusion from the growth cone. Time is in minute:second. Scale bar: 5 lm. B: Over

time more EB3 comets move in the direction of axon outgrowth (number of comets 5 114, 109,

122, 98, 82, 83 in different time windows). Direction of EB3 movement is defined as the angle

between EB3 movement and direction of growth cone protrusion. *p < 0.05; *** p < 0.001 (One-

way ANOVA followed by Dunnett’s post test). C: EB3 comet alignment occurs at about 13 min.

After 13 min, the rate of axon outgrowth increases and EB3 comets are aligned in the nascent axon

(before 13 min, number of comets 5 293; after 13 min, number of comets 5 315). ***p < 0.001

(Student’s t test). D: A kymograph constructed from a three pixel wide line drawn through the

direction of axon extension. The kymograph line is linearized and compiled horizontally for each

frame of the 30 min time lapse (601 frames). The arrow points to the initial alignment of EB3 com-

ets. Arrowheads indicate protrusion from the growth cone. Scale bar: 5 lm.
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nascent axon precedes persistent membrane protru-

sion. In three additional examples, reorientation of

dynamic MTs in the direction of outgrowth also

occurred prior to protrusion of a new axonal process

from the growth cones, suggesting an instructive role

for reorganization of dynamic MTs in spontaneous

axon outgrowth.

Wnt5a Reorients and Redistributes
Dynamic MTs in Growth Cones

Wnt5a accelerates cortical axon outgrowth (Li et al.,

2009) in contrast to Wnt3a, which decreases DRG

axon outgrowth while increasing growth cone size

(Purro et al., 2008). The loss of directionality of

dynamic MTs that moved across the growth cone

rather than toward the leading edge was thought to

lead to the eventual formation of MT loops character-

istic of large pausing growth cones (Dent et al.,

1999). Here, to determine the changes in the distribu-

tion and orientation of MTs during growth cone

advance induced by Wnt5a, we imaged EB3 comets

with TIRF microscopy in growth cones before and

during bath application of Wnt5a. As shown in the

fluorescence images [Fig. 3(A)], EB3 comets during

30 min before Wnt5a application explored all regions

of the growth cone. EB3 comet tracks were overlaid

onto DIC images of the growth cone and they show

that MTs extend into filopodia in all directions with-

out significant forward advance of the growth cone

[arrows in Fig. 3(A)]. Using this technique, we also

observed that under basal conditions, EB3 comets

appear to target stable filopodia [arrows in Fig. 3(B)]

more often than dynamic filopodia [arrowheads in

Fig 3(B)]. Following Wnt5a application, EB3 comets

repeatedly invaded fewer peripheral filopodia and

invading comets were increasingly aligned in the

direction of outgrowth along stabilized filopodia

[Supporting Information Movie 2 and arrowheads in

Fig. 3(A)]. Tracing of EB3 comet tracks in a repre-

sentative growth cone before and during Wnt5a

application showed that MTs became more bundled

and aligned in the direction of axon outgrowth [Fig.

4(A), red-yellow colors indicates increased track

overlap–see methods for details]. In each time-lapse

movie, an average of 1272 EB3 comets were

identified per 30 min period that comprised 262 6 83

distinct comet tracks (averaging 4.9 6 1.3 comet-

s=track). EB3 comet tracks in each of six growth

cones were traced over a 1-h period. A maximum

image projection of total raw EB3 comets [Fig. 4(B)]

and Gaussian curve fits of sum track pixel intensities

across the entire growth cone [Fig. 4(C)] demonstrate

the change in MT alignment. Decreases in the stand-

ard deviation of the Gaussian curve [Fig. 4(D,E)]

demonstrate that MTs began to increasingly extend

along similar pathways during Wnt5a treatment (p 5

0.0313, Wilcoxon matched-pairs test). MTs reorgan-

ized from a splayed to a bundled array in these

experiments. As previously seen, growth cones

advanced faster in the presence of Wnt5a from an

average of 1.2 6 0.4 lm=h to 6.9 6 2.0 lm=h (n 5

5) during the 30 min treatment [Fig. 4(F)]. However,

we found no consistent changes the velocity of EB3

comets or their track lengths. Strikingly, there was

however a direct correlation between Wnt5a applica-

tion and EB3 comet directionality, with faster out-

growth rates showing comet angles closer to zero (in

the direction of outgrowth) [Fig. 4(G)].

MTs are thought to play a major role in orienting

growth cones during turning behaviors (Buck and

Zheng, 2002; Kalil and Dent, 2005). We asked

whether repulsive cortical growth cone turning

induced by Wnt5a (Li et al., 2009) is due to reorienta-

tion of dynamic MTs. Turning assays with Wnt5a

gradients in TIRF microscopy proved to be impracti-

cal. However, we did capture spontaneous growth

cone turning behaviors that could occur during bath

application of Wnt5a. As shown in the example in

Figure 4(H), before Wnt5a application EB3 comet

tracks splayed out in all directions in the growth cone

but during spontaneous turning EB3 comet tracks

reoriented and bundled together in the direction of

turning, similar to the reorientation of MTs in the

direction of Wnt5a induced outgrowth. To determine

whether MTs consistently redistribute in growth

cones responding to Wnt5a gradients, we used a

Dunn chamber assay (Yam et al., 2009; see Methods

for details), in which Wnt5a was perfused across a

bridge region between an inner and an outer chamber.

Previously, we found with live cell imaging [(Hutch-

ins and Kalil, 2011; and shown here in Fig. 6(C)] that

cortical growth cones in the bridge region are

repelled away from the direction of the Wnt5a gradi-

ent. After 2 h, the cultures were fixed and stained

with antibodies to tyrosinated tubulin to label

dynamic MTs (Brown et al., 1993; Dent and Kalil,

2001). As shown in Figure 4(I), dynamic MTs were

redistributed to the far side of the growth cone facing

away from the Wnt5a gradient. To compare MT dis-

tribution in Wnt5a versus BSA gradients, we meas-

ured fluorescence intensity of MTs in the far side

versus the near side of the growth cone [Fig. 4(J)]. In

the histograms values, above one indicate an asym-

metry in which more dynamic MTs are distributed to

the far versus the near side of the growth cone in

Wnt5a gradients. In contrast growth cones in BSA

showed no asymmetry in the distribution of dynamic
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Figure 3 Dynamic MTs extend to stabilized filopodial tips that are aligned with the axis of

Wnt5a-induced outgrowth. A: EGFP-EB3 transfected cortical neurons were imaged for 30 min

prior to and 30 min after bath application with 400 ng=mL Wnt5a. The top panels for each condi-

tion are maximum projections of the raw EB3 comets over their lifespan (4–5 frames, �20 s). EB3

comets were traced manually and comet tracks were overlaid onto DIC images that were acquired

simultaneously (lower panels). Arrows indicate MTs extending randomly to filopodial tips through-

out the growth cone before Wnt5a treatment. Arrowheads indicate MT tracks that become oriented

along the axis of increased outgrowth during Wnt5a treatment. B: MTs invade filopodia that are

more stable. Images of the same growth cone as in (A) before Wnt5a treatment showing each frame

acquired over a 1 min 35 s period. Arrows indicate dynamic filopodia that are not invaded by MTs.

Arrowheads show stable filopodia that are invaded by multiple MTs as indicated by EB3 comet

tracks overlaid onto DIC images acquired simultaneously. Time is depicted in minute:second and

each EB3 comet traced is represented by a different colored line showing the lifespan of the comet

represented by the terminal dots in that frame.



MTs (n 5 26 growth cones in Wnt5a and n 5 32

growth cones in BSA). In shorter 30 min exposure

periods in Dunn chambers (data not shown), Wnt5a

gradients also induced a redistribution of dynamic

MTs to the far side of the growth cone facing away

from the Wnt5a gradient. These results suggest that

as in spontaneous growth cone turning, dynamic MTs

reorient in the direction of turning in response to a

Wnt5a gradient.

Wnt5a Gradients Induce Asymmetric
Calcium Activity in Growth Cones

Previous studies have shown that gradients of a guid-

ance cue can evoke asymmetries in growth cone cal-

cium activity (Henley and Poo, 2004; Gomez and

Zheng, 2006) but higher levels of calcium have con-

sistently been found on the side of the growth cone

facing toward the source of the guidance cue, regard-

less of whether the cue is attractive or repulsive. Bath

applied Wnt5a evokes repetitive calcium transients in

cortical growth cones (Li et al., 2009). Here, we

applied Wnt5a gradients through pipettes positioned

50 lm from growth cones that were up to 40 lm

across, which permitted us to detect possible differ-

ences in calcium activity across the growth cone.

Using the membrane bound calcium indicator Fluo4

MOMO to image calcium transients, we found that

Wnt5a gradients could evoke global calcium activity

throughout the growth cone as well as calcium transi-

ents localized to one side of the growth cone [Fig.

5(A,B)]. Out of a total of 39 growth cones 19

responded to Wnt5a with calcium activity and of

these 14 (74%) showed asymmetrical calcium activ-

ity that was not localized to the region surrounding

the midline. In growth cones expressing localized

calcium activity 72% of the calcium transients were

highest on the side of the growth cone facing away

from the Wnt5a source [Fig. 4(C), p < 0.005, Wil-

coxon signed rank test].

Tau Phosphorylated at Ser262 Is
Required for Wnt5a Evoked Axon
Outgrowth and Guidance

Since dynamic MTs and increased calcium transients

were both asymmetrically distributed to the far side

of the growth cone in Wnt5a gradients, we investi-

gated their possible relationship. One candidate link

is the MAP tau, which binds to MTs to increase their

stability (Mandelkow et al., 1996; Dehmelt and Hal-

pain, 2005). CaMKII, activated by calcium (Hudmon

and Schulman, 2002; Lisman et al., 2002) has been

shown to phosphorylate tau at the Ser262 MT binding

site (Litersky et al., 1996; Sironi et al.,1998; Benne-

cib et al., 2001) leading to detachment of tau from

MTs and decreased MT stability (Biernat et al.,

1993). Moreover, Wnt5a can activate CaMKII (Kuhl

et al., 2000), which, as we have shown, is required

for Wnt5a induced axon outgrowth and repulsion (Li

et al., 2009; Hutchins and Kalil, 2011), We therefore

investigated tau as one possible link between calcium

signaling and dynamic MTs.

Previous studies (Harada et al., 1994; Tint et al.,

1998; Qiang et al., 2006) suggested that changes in

levels of tau by itself might not be critical for regulat-

ing axon outgrowth. However, given the large num-

ber of tau phosphorylation sites (Shahani and Brandt,

2002; Johnson and Stoothoff, 2004) the selective

phosphorylation of tau at the Ser262 MT-binding site

by CaMKII (Sironi et al., 1998), and the critical role

of phosphorylation at Ser262 for binding of tau to

MTs in vitro (Biernat et al., 1993), we asked whether

axon outgrowth and guidance by Wnt5a are regulated

by tau Ser262 phosphorylation. We first immuno-

stained cortical neurons with antibodies to tau phos-

phorylated at Ser262 and compared this with levels

of total tau in axons and growth cones. As shown in

the example in Figure 6(A,B), we compared average

fluorescence intensities of phosphorylated tau versus

total tau and expressed this as a ratio which was high-

est in the growth cone compared with the axon shaft.

Bath application of Wnt5a, which increased rates of

axon outgrowth from an average of 4.3–8.7 lm=h (n
5 27 and 46 axons respectively), also increased the

ratio of phosphorylated to total tau from 1.13 to 1.34

in these growth cones in comparison with BSA

treated controls [Fig. 6(C–F)]. Moreover, faster axo-

nal growth rates under all conditions (n 5 132 axons)

were positively correlated with higher ratios of phos-

phorylated to total tau [Fig. 6(F)]. Interestingly,

smaller cortical growth cones that extend more rap-

idly than large growth cones (Halloran and Kalil,

1994; Szebenyi et al., 1998) had higher ratios of

phosphorylated to total tau (data not shown). Taken

together these results suggest that Wnt5a promoted

axon outgrowth involves the phosphorylation of tau

at Ser262 in the growth cone.

To determine whether the Ser262 tau-MT binding

site is essential for Wnt5a evoked axon outgrowth

and guidance, we transfected cortical neurons with a

tau construct mutated at Ser262. As shown in the

schematic [Fig. 7(F,G)], the mutated tau construct

was made by substituting an alanine for serine to cre-

ate a nonphosphorylatable site. The nonphosphorylat-

able tau S262A mutant protein acts as a dominant

negative and would be unable to detach from MTs to

increase their dynamics (Biernat et al., 1993). We
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found that neurons transfected with tau S262A were

unable to respond to bath applied Wnt5a with

increased axon outgrowth (average axon length in

Wnt5a1the control vector pcDNA3 5 386.5 6

11.8 lm versus 242.9 6 10.3 lm in Wnt5a 1 tau

S262A) [Fig. 7(A,B)]. Transfection of tau S262A in

control neurons exposed to BSA had no effect on

axon length, which was similar to that of neurons

transfected with the control vector pcDNA3 and

treated with BSA. Next, we used Dunn chamber

assays to determine whether tau phosphorylation at

Ser262 is also required for Wnt5a evoked growth

cone repulsion (Fig. 7). In Wnt5a gradients cortical

axons increased their growth rates and showed repul-

sive turning [Fig. 7(D,E)]. However, in neurons trans-

fected with tau S262A, axons failed to respond to

Figure 4 (See legend on following page.)
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Wnt5a gradients and showed no increase in axon out-

growth (average axon outgrowth rates in Wnt5a 5

13.0 6 1.0 lm=h versus Wnt5a 1 tau S262A 5 6.4

6 0.4 lm=h) or repulsive turning [Fig. 7(C)] (aver-

age turning angles in Wnt5a 5 218.6 6 6.9� versus

Wnt5a 1 tau S262A 5 20.9 6 12.9�. Taken together

these results show that tau phosphorylation at the

Ser262 MT binding site is necessary for Wnt5a

evoked axon outgrowth and growth cone repulsion.

We hypothesized that the failure of cortical growth

cones to respond to Wnt5a following mutation of tau

at Ser262 was due to the inability of dynamic MTs to

redistribute in the direction of axon outgrowth. We

therefore imaged EB3 comets in growth cones (n 5

6) of cortical neurons transfected with tau S262A. In

neurons, transfected with a control pcDNA3 con-

struct [Fig. 8(A)] growth cones responded to applica-

tion of Wnt5a by increased advance together with

changes in MTs from a splayed to a bundled organi-

zation similar to the untransfected neurons shown in

Figure 4(A–E). In contrast, comet tracks traced in

growth cones of neurons (n 5 6) transfected with the

mutated tau S262A showed that, concomitant with a

lack of Wnt5a induced axon outgrowth, MTs

remained splayed apart and failed to reorganize [Fig.

8(B)]. These results show that phosphorylation of tau

at the Ser262 MT binding site is required for Wnt5a

induced axon outgrowth mediated by the redistribu-

tion of dynamic MTs.

CaMKII Is Required for the Axon
Outgrowth Effects of Wnt5a Mediated by
Dynamic MTs

We have shown previously that CaMKII is required

for the axon growth and guidance effects of Wnt5a in

dissociated cortical neurons and in post-crossing cal-

losal axons extending in cortical slices (Li et al.,

2009; Hutchins and Kalil, 2011). CaMKII has been

shown to be the major mammalian kinase to phos-

phorylate tau at Ser262 (Sironi et al., 1998; Bennecib

et al., 2001) and we show that phosphorylation of this

Figure 4 Wnt5a induces redistribution and reorganization of dynamic MTs in growth cones. (A)

Growth cones of EGFP-EB3 transfected cortical neurons were imaged for 30 min prior to and 30

min after bath application of Wnt5a as in Figure 3. EB3 comets were traced manually and all comet

tracks overlain using a sum image projection and pseudocolored. Hotter colors indicate that MT

tracks increasingly follow similar trajectories during Wnt5a treatment. Black outlines represent the

extent of filopodial activity over each 30 min time period as determined by a maximum projection

of DIC images acquired simultaneously, and show that the MT trajectories during Wnt5a treatment

are in the direction of increased outgrowth. (B): Maximum image projection of raw EB3 comets

from the entire 60 min movie in (A) with comets imaged before Wnt5a treatment colored red and

comets imaged during Wnt5a treatment in green. (C) Line-scans 200 pixels wide across the geo-

metric center of sum image projections of traced EB3 comet tracks in growth cones before (red)

and during (green) Wnt5a treatment. Data are pooled from n 5 6 growth cones and Gaussian curves

have been fitted. D: Plot of the standard deviation from the Gaussian curve of each individual

growth cone from the data in (C) before and after Wnt5a treatment. Lower standard deviations indi-

cate more MT track overlap as measured by narrower, taller Gaussian curves. E: Sum of all stand-

ard deviations from (C, D). MT tracks are significantly more aligned during Wnt5a treatment. p 5

0.0313 (Wilcoxon matched-pairs test). F: Axon outgrowth rates increase significantly with Wnt5a

treatment. The velocity of five different growth cones (separate from A to E) was measured before

and after bath application of Wnt5a in independent experiments. *p <0.05 (Student’s t test). G:

Wnt5a treatment is directly correlated with increased axon outgrowth rates. Directionality (degrees)

of EB3 comets were assessed in the five growth cones analyzed in (F), and plotted against out-

growth rate (nonlinear regression, p < 0.001). H: Pseudocolored MT tracks and raw EB3 comets

from a growth cone that spontaneously turned during Wnt5a bath treatment. MTs become aligned

with the axis of the turn. I: Representative image showing immunostaining of tyrosinated tubulin in

a fixed growth cone after exposure to a Wnt5a gradient in the Dunn chamber for 2 h. The top 50%

of intensities are highlighted in green. Arrow indicates the direction of the Wnt5a gradient. The

line indicates the midline of the growth cone as determined by the axon shaft. Scale bar: 10 lm. J:

Quantitative analysis of MT asymmetry in growth cones exposed to Wnt5a gradients in the Dunn

chambers. Bar graphs show the far=near ratios from growth cones under control (n 5 32) and

Wnt5a treatments (n 5 26). A ratio above 1 indicates more MTs on the far side than on the near

side and a ratio of 1 indicates no asymmetry. **p < 0.01 (Student’s t test). A schematic of the mea-

surement of the distribution of EB3 comets in the presence of a gradient of Wnt5a is shown.
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tau MT binding site is essential for Wnt5a induced

axon outgrowth through MT reorganization. How-

ever, since tau can also be phosphorylated at Ser262

by other kinases it was important to link CaMKII

directly to effects on MT reorganization in growth

cones exposed to Wnt5a. We therefore transfected

cortical neurons with the specific CaMKII inhibitor

construct EGFP-CaMKIIN. As shown in Figure 8(D),

CaMKIIN expression prevents the reorganization of

dynamic MTs in growth cones treated with Wnt5a (n
5 8 growth cones). Tracing EB3 comet tracks

showed that dynamic MTs failed to bundle during

Wnt5a application, concomitant with the failure of

Wnt5a to evoke axon outgrowth, and remained

splayed apart in arrays similar to the growth cone

before Wnt5a application [Fig. 8(C)]. These results

link changes in MT organization mediated by phos-

phorylation of tau Ser262 to Wnt=calcium signaling

through CaMKII.

DISCUSSION

The cytoskeletal mechanisms by which guidance

cues evoke growth cone behaviors are not well under-

stood (Dent et al., 2011). Meaningful correlation

between cytoskeletal reorganization and growth cone

behaviors requires high-resolution live cell imaging

over time periods sufficient for guidance cues to

evoke growth cone behaviors. This has been chal-

lenging for growth cones of mammalian CNS neu-

rons. Here, we have accomplished this by using TIRF

microscopy, which allowed high resolution imaging

of the MT cytoskeleton for 1-h time periods, during

which Wnt5a promotes cortical axon outgrowth and

repulsive growth cone turning (Li et al., 2009). We

demonstrate that Wnt5a evokes growth and guidance

behaviors by reorganizing and redistributing dynamic

MTs in the growth cone. Inhibiting MT dynamics

with nocodazole or taxol prevented the axon out-

growth and repulsive guidance effects of Wnt5a. In

live cell imaging during spontaneous axon outgrowth

EGFP-EB3 comets aligned in growth cones in the

direction of future axon outgrowth. Wnt5a increased

axon outgrowth by reorganizing dynamic splayed

MTs that explored all regions of the growth cone to

bundled MTs that focused their extensions in the

direction of axon outgrowth. In growth cones

exposed to Wnt5a gradients dynamic MTs redistrib-

uted to the far side of the growth cone facing away

Figure 5 Wnt5a gradients induce asymmetric calcium activity in growth cones. A: Example of

asymmetric local calcium activity at 10:25 evoked in the far side of the growth cone in a Wnt5a

gradient applied to the right of the growth cone. A global calcium transient occurred at 17:45. Pseu-

docolor scale of fluorescence intensity is shown at right. An image of the same growth cone is

shown at left in DIC. Scale bar: 10 lm. B: A second example of asymmetric local calcium activity

evoked on the far side of the growth cone by application of a Wnt5a gradient. An image of the

same growth cone is shown at left in DIC. Scale bar: 10 lm. C: Localization of the center of inten-

sity of calcium transients evoked by application of Wnt5a gradients (n 5 73 transients from 19

experiments). Negative numbers indicate localization of calcium transients to the side of the growth

cone farthest from the pipette (center of intensity significantly different from 0, p < 0.005, Wil-

coxon signed rank test).
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from the Wnt5a source. This MT asymmetry coin-

cided with higher levels of calcium transients on the

far side of the growth cone in Wnt5a gradients, sug-

gesting a link between calcium activity and dynamic

MTs. We investigated the MAP tau as one possible

link, and found that Wnt5a increased levels of phos-

phorylated tau relative to total tau, and that tau phos-

phorylated at Ser262, the MT binding site, is

specifically required for Wnt5a induced axon out-

growth and repulsive guidance by mediating the reor-

ganization of dynamic MTs. The finding that

inhibition of CAMKII prevents Wnt5a evoked axon

outgrowth by interfering with MT reorganization

suggests a signaling pathway by which Wnt5a,

through calcium signaling and tau phosphorylation,

can influence the directionality of dynamic MTs in

growth cones to elicit increased axon outgrowth and

repulsive turning. These novel results for the first

time link growth cone calcium activity directly to

MT reorganization evoked by a guidance cue.

Guidance cues have been shown to have direct

effects on MT organization and dynamics (Kalil and

Dent, 2005). In Drosophila, Slit regulates midline

axon crossing through Orbit=Mast. CLASP is the ver-

tebrate ortholog of this MAP, which binds to the tips

of dynamic MTs in Xenopus spinal neurons (Lee

et al., 2004). Overexpression of CLASP causes the

formation of MT loops to slow growth cone advance.

Thus, the effects of guidance cues are mediated by

changes in MT organization and dynamics through

MAPs. Recently, Purro et al. (2008) found that

Wnt3a regulates outgrowth of DRG axons by

decreasing levels of the plus end MT binding protein

APC and formation of MT loops, which increase

Figure 6 Phosphorylated tau (Pi-tau) at Ser262 is preferentially localized to the growth cone and

increases relative to total tau in the presence of Wnt5a. A: Example of immunostaining showing

the distribution of tau phosphorylated at Ser262 (Pi-tau in green) versus total tau (in red) in the

growth cone and axon shaft. These distributions are quantified in (B). The axon and growth cone

are shown in DIC at left. B: Fluorescence intensity of Pi-tau (green line) and total tau (red line) in

the axon shaft (0.0 – 0.5 on the x axis) to the growth cone (0.5–1.0 on the x axis) of the neuron

shown in A. Black lines show the ratio of Pi-tau over total tau from the axon shaft to the growth

cone. Scale bar: 10 lm. C, D: Representative images of neurons treated with BSA or Wnt5a and

then stained with anti-Pi-tau and total tau antibodies. At left are phase images of these neurons.

Wnt5a applied in the bath for 1 h increases rates of axon outgrowth and the ratio of Pi-tau over total

tau. Scale bar: 10 lm. E: Graphs showing the distribution of tau phosphorylated at Ser262 vs total

tau from axon shafts to growth cones in BSA (n 5 27) treated and Wnt5a (n 5 46) treated neurons.

In Wnt5a treated neurons, the ratio of Pi-tau versus total tau in axons and growth cones increased

significantly. F: Bath applied Wnt5a (n 5 46) increases ratios of Pi-tau over total tau compared

with BSA (control, n 5 27) and rates of axon outgrowth. In E and F, *p < 0.05 (Student’s t test).
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growth cone size and decrease axon outgrowth. These

results suggested that formation of stable MT loops

was due to changes in directionality of dynamic MTs

across the growth cone. In contrast, the growth pro-

moting effect of NGF is mediated by a PI3K-GSK3b
signaling pathway that regulates MT assembly by

increasing rather than decreasing MT interactions

with APC (Zhou et al., 2004). GSK3b diverges from

the canonical Wnt=b-catenin pathway to regulate

axon remodeling by the MT cytoskeleton (Ciani and

Salinas, 2005), and has been implicated in the regula-

tion of axon growth (Kim et al., 2006). Inhibition of

GSK3b by Wnts (Budnik and Salinas, 2011) can

inhibit axon outgrowth by decreasing MAP1B

Figure 7 Phosphorylation of tau at Ser262 is required for Wnt5a-induced axon outgrowth and

repulsion. A: Representative GFP fluorescence images of neurons in different conditions. Scale bar:

50 mm. B: Overexpression of tau S262A prevented increased axon outgrowth by Wnt5a. Quantitative

analysis of axon length for the experiments shown in A. Mean and standard errors values are shown.

***p < 0.001 (One-way ANOVA followed by Dunnett’s post test, n > 60 for each condition). C:

Wnt5a gradients in the Dunn chambers failed to repel axons in neurons transfected with tau S262A.

Examples of cortical axons at the beginning and end of 2 h exposure to Wnt5a gradients in Dunn

chambers with or without tau S262A. Black bar to the left indicates the Wnt5a gradient decreased

from top to bottom of the image. Scale bar 5 5 mm. D, E: Inhibition of tau phosphorylation at

Ser262 by transfection of tau S262A prevented Wnt5a induced axon outgrowth (D), and repulsive

turning (E). ***p < 0.001; **p < 0.01, respectively (Mann-Whitney test, n 5 12 for tau S262A, n
5 24 for control treated). F, G: Schematic showing the attachment of tau to the MT at the S262 bind-

ing site (F). When CaMKII phosphorylates tau at this binding site, tau detaches form the MT (G).
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phosphorylation and consequently stabilizing MTs

into loops to stall growth cone advance. GSK3b can

also phosphorylate tau (Johnson and Stoothoff, 2004;

Stoothoff and Johnson, 2005; Brunden et al., 2009).

Here, we show that the growth promoting effects of

Wnt5a on cortical axons are opposite to the inhibitory

Figure 8
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effects of Wnt3a on growth of DRG axons. In con-

trast to biasing MT directionality across the growth

cone by Wnt3a (Purro et al., 2008), we show that

Wnt5a changed the array of splayed MTs to a

bundled organization such that dynamic MTs reor-

iented in the direction of increased axon outgrowth.

Our findings suggest that tau phosphorylation at

Ser262 occurs through calcium signaling involving

CaMKII. Nevertheless, tau is only one possible link

between calcium signaling and the redistribution of

dynamic MTs. For example, changes in MT dynam-

ics in growth cones can involve other components of

calcium signaling pathways such as PKC (Kabir

et al., 2001), which is also a component of Wnt=cal-

cium signaling (Sheldahl et al., 1999). Moreover, tau

has additional MT binding sites and numerous phos-

phorylation sites regulated by various kinases (Trinc-

zek et al., 1995). Thus, although tau phosphorylation

at Ser262 is highly effective in regulating the distri-

bution of dynamic MTs in growth cones, this is only

one mechanism for regulating dynamic MTs. Effects

of Wnt5a on levels of GSK3b are unknown and

effects of inhibiting GSK3b on axon outgrowth can

be context dependent (Purro et al., 2008). However,

it is possible that GSK3b might also contribute to tau

phosphorylation and MT reorganization. Wnt5a

could also increase axon outgrowth by regulation of

APC at MT plus ends. Increased levels of APC have

been correlated with increased neurite growth (Votin

et al., 2005) and APC localizes to growth cones of

extending neurites (Zhou et al., 2004). However, the

role of APC in Wnt5a mediated axon outgrowth is

unknown.

We have found that CaMKII is necessary for

Wnt5a evoked growth and guidance of cortical axons

in dissociated culture (Li et al., 2009) and in the cor-

pus callosum in living cortical slices (Hutchins and

Kalil, 2011). Moreover, CaMKII is one of the most

effective kinases in the phosphorylation of tau at the

Ser262 tau MT binding site (Sironi et al., 1998). In
vitro phosphorylation of Ser262 alone is sufficient to

attenuate the ability of tau to bind to MTs (Biernat

et al., 1993) and detachment of tau from MTs leads

to decreased MT stabilization. The involvement of

calcium=CaMKII signaling in regulation of the MT

cytoskeleton through tau phosphorylation is sup-

ported by our finding that inhibition of CaMKII pre-

vents the MT reorganization underlying axon growth

and guidance by Wnt5a. When we interfered with tau

phosphorylation at the Ser262 site with a Ser262-Ala

mutation, MTs were unable to reorganize in response

to Wnt5a thereby preventing increased axon out-

growth. This raises the possibility that detachment of

tau from MTs in growth cones is necessary for

increased MT dynamics and their ability to reorgan-

ize to promote axon extension. Although this mecha-

nism of MT regulation by tau phosphorylation has

been documented in vitro (Biernat et al., 1993) a

more recent study in Sf9 cells showed that tau phos-

phorylation of several sites including Ser262 within

the MT binding domain were necessary for the out-

growth of neurite like cell extensions induced by

transfection of wild type tau (Biernat and Mandel-

kow, 1999). These results are consistent with our

findings in cortical neurons and suggest that

increased MT dynamics by phosphorylation depend-

ent detachment of tau from MTs underlies MT reor-

ganization leading to axon outgrowth evoked by

Wnt5a.

The mechanisms by which MT reorganization

mediates axon outgrowth and guidance are not well

understood. Our results suggest that MT bundling

occurs before axon outgrowth and turning behaviors

and is therefore an instructive rather than a

Figure 8 Tau phosphorylated at Ser 262, and CaMKII are required for Wnt5a induced axon out-

growth, and redistribution of dynamic MTs in growth cones. Cortical neurons were transfected

with control pcDNA3 (A), TauS262A (B), or CaMKIIN-EGFP (C) plasmids along with EB3-

tdTomato or EB3-GFP and imaged 30 min before and 30 min during Wnt5a bath application simi-

lar to Figure 3. A: Control pcDNA transfected cells showed an alignment of MT tracks along the

axis of increased outgrowth similar to those in Figure 4 as indicated by “hotter” pseudocolored sum

image projections of EB3 comet tracks, and lower standard deviations of Gaussian curves fitted

from line-scans across the growth cones. n 5 6 growth cones, *p < 0.05 (Wilcoxon matched-pairs

test). B: Inhibition of tau activity by transfecting cells with the mutant tauS262A construct pre-

vented Wnt5a-induced outgrowth and MT tracks increased their “splayed” characteristics slightly

as indicated by a slight increase in standard deviation. n 5 6 growth cones, *p < 0.05 (Wilcoxon

matched-pairs test). C: Inhibition of CaMKII activity by transfecting cells with CaMKIIN-EGFP

prevented Wnt5a-induced outgrowth and distribution of MTs remained random throughout the

growth cone over the entire 60 min imaging period. D: Pooled data from standard deviations of

Gaussian curve fits of EB3 comet track sum image projections in A–C.
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permissive mechanism. Recent results have shown

that the MT end-binding cytoplasmic linker proteins

(CLIPs) are necessary for axon formation through

their regulation of axonal MT stability and MT inter-

actions with the actin network (Neukirchen and

Bradke, 2011). In their model of axon outgrowth

these authors proposed that neurite consolidation

occurs by bundling of MTs in the growth cone center

and that CLIPS, by stabilizing MTs, allow MTs to

protrude into the growth cone tip and interact with

the actin cytoskeleton. In contrast removal of CLIPs

from MTs would prevent MT engorgement resulting

in splayed MTs that increase growth cone size and

axons that fail to extend. Our results are consistent

with this model in that axon outgrowth requires bun-

dling of MTs before consolidation of the trailing

edges of the growth cone into an axon. As shown in

our model (Fig. 9) one effect of Wnt5a is to promote

MT alignment within stabilized filopodia, which are

known to contain actin filaments bundled into ribs

(Dent et al., 2011). Removal of tau from MTs might

promote interactions with other MTs and with stable

actin structures such as these. Since much of our

understanding of the dynamic relationship between

tau and MTs has been obtained from experiments

using artificial cell-free systems, it will be important

in future studies to investigate the conditions in

which tau binds to and detaches from MTs in growth

cones that are actively responding to environmental

cues. It will also be important to determine whether

tau regulates MT interactions with actin filaments

during growth cone behaviors.

Figure 9 Model diagram showing the relationship between Wnt5a-induced calcium activity and

MT reorganization during outgrowth. Before Wnt5a treatment (left), there is no polarization of

increased outgrowth and the growth cone is free to move in any direction indicated by MTs ran-

domly invading filopodia across the growth cone. During Wnt5a treatment (right), a calcium influx

causes activation of CaMKII that in turn phosphorylates tau at S262, causing it to detach from MTs

allowing them to reorient along an axis of increased outgrowth, possibly through interactions with

each other and actin ribs along stabilized filopodia. As the growth cone realigns, unstable filopodia

that are no longer visited by MTs are consolidated into the nascent axon.
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